Abstract. This article reviews several important results from RHIC experiments and discusses their implications. They were obtained in a unique environment for studying QCD matter at temperatures and densities that exceed the limits wherein hadrons can exist as individual entities and raises to prominence the quark-gluon degrees of freedom. These findings are supported by major experimental observations via measuring of the bulk properties of particle production, particle ratios and chemical freeze-out conditions, and elliptic flow; followed by hard probe measurements: high-p T hadron suppression, dijet fragment azimuthal correlations, and heavy flavor probes. These measurements are presented for particles of different species as a function of system sizes, collision centrality, and energy carried out in RHIC experiments. The results reveal that a dense, strongly-interacting medium is created in central Au + Au collisions at √ s N N = 200 GeV at RHIC. This revelation of a new state of nuclear matter has also been observed in measurements at the LHC. Further, the IP-Glasma model coupled with viscous hydrodynamic models, which assumes the formation of a QGP, reproduces well the experimental flow results from Au + Au at √ s N N = 200 GeV. This implies that the fluctuations in the initial geometry state are important and the created medium behaves as a nearly perfect liquid of nuclear matter because it has an extraordinarily low ratio of shear viscosity to entropy density, η/s ≈ 0.12. However, these discoveries are far from being fully understood. Furthermore, recent experimental results from RHIC and LHC in small p + A, d + Au and 3 He+Au collision systems provide brand new insight into the role of initial and final state effects. These have proven to be interesting and more surprising than originally anticipated; and could conceivably shed new light in our understanding of collective behavior in heavy-ion physics. Accordingly, the focus of the experiments at both facilities RHIC and the LHC is on detailed exploration of the properties of this new state of nuclear matter, the QGP.
Physics motivation and RHIC achievements
At the heart of each atom, there is a nucleus consisting of distinct nucleons (protons and neutrons). In turn, these nucleons consist of quarks bound together by the strong interaction, mediated by the exchange of gluons. Quantum Chromodynamics (QCD) is considered the fundamental theory for such strong interactions. According to QCD, at ordinary temperatures or densities this force simply confines the quarks into composite particles (hadrons) of around 10 −15 m = 1 fm in size (corresponding to the QCD energy scale Λ QCD ≈ 200 MeV); its effects are not noticeable at longer distances. However, when the temperature reaches the QCD energy scale (T of the order of 10 12 Kelvin) or its density rises to the point where the average inter-quark separation is less than 1 fm (quark chemical potential µ q around 400 MeV), hadronic matter under extremely dense and hot conditions undergoes a phase transition to form a Quark Gluon Plasma (QGP) in which quarks and gluons no longer are confined to the size of a hadron [1, 2] . Knowing the exact nature of quark confinement in hadrons is crucial, and yet this remains a poorly understood aspect of the quark-gluon description of matter. The QGP is believed to have existed during the first microseconds after the Big Bang [3] , and an understanding of its properties could provide valuable insights on the evolution of our Universe. Figure 1 presents the phase diagram of QCD matter, showing the possible states adopted by quarks and gluons [4] . Understanding the properties of strongly interacting matter at high temperatures has been a central goal of many researchers' numerical simulations of lattice QCD. Figure 2 presents recent results from lattice QCD calculations, wherein the energy density is normalized by temperature (T 4 ) as a function of temperature for a system of n f = 2 + 1 flavors of dynamical quarks [5, 6, 7] . These calculations reveal a rapid increase in the number of degrees of freedom associated with this deconfinement of quarks and gluons from the hadronic chains. The transition point is at a temperature T c = 154 ± 9 MeV and energy density c = 0.18 to 0.5 GeV/fm 3 [7] . At higher temperatures above the transition, the energy density is still seen to fall about 14% below the ideal Stefan-Boltzmann value for a non-interacting quark/gluon gas (as shown by the arrow), indicating some strong self-interaction remaining at these temperatures. Therefore, scientists have experimentally searched for the signatures both of QGP formation and the in-medium effects of hadron properties. It was proposed that the required high densities could be achieved via relativistic heavy-ion collisions [8] . Over the last decades, relativistic heavy-ion collisions have been studied exper- 4 as a function of the temperature on Nt = 6, 8 and 10 lattices. An arrow indicates the Stefan-Boltzmann limit ε SB = 3 p SB (see text for details). This figure is adapted from Ref. [5] .
imentally at increasingly high center-of-mass energies at the Brookhaven Alternating Gradient Synchrotron (AGS, √ s N N < 5 GeV), the CERN Super Proton Synchrotron . Simple estimations of the initial energy densities expected for RHIC collisions [9] are many times higher than the threshold for QGP formation from the aforementioned lattice estimations. For instance, under the RHIC project, an accelerator was constructed at Brookhaven National Laboratory (BNL) from 1991 to 1999. RHIC was designed as a heavyion machine, able to provide collisions over a large range of energies. We have attained collisions of gold-gold (Au + Au), copper-copper (Cu + Cu), uranium-uranium (U + U), coppergold (Cu + Au), deuteron-gold (d + Au), helium-gold ( 3 He + Au), proton-gold (p + Au) and proton-Aluminum (p + Al) at center of mass energies from √ s N N = 7.7 to 200 GeV.
Furthermore, a polarized capability was added to RHIC allowing transverse and longitudinal polarized protons to collide at energies from √ s N N = 62.4 to 510 GeV. Researchers at RHIC have made a major physics discovery, namely the creation of a new form of matter in highenergy central gold-gold collisions. This matter, dense and strongly interacting, is called the strongly coupled quarkgluon plasma, or sQGP. This finding of a new form of matter was published in four independent white papers [10, 11, 12, 13] from the four RHIC experiments: BRAHMS (Broad RAnge Hadron Magnetic Spectrometers), PHENIX (Pioneering High Energy Nuclear Interaction eXperiment), PHOBOS (not an acronym) , and STAR (Solenoidal Tracker At RHIC). RHIC's accelerator also met and exceeded its specifications; namely, it attained its energy goals and exceeded both the heavy-ion [14, 15] and polarized proton [15, 16] luminosity. The former luminosity is more than a factor of 25 [14, 15] greater than that originally designed. Table 1 summarizes the achievements of RHIC accelera-tor over the years [15] . Without a doubt, the physics program at RHIC has enabled remarkable advances in the study of hot strongly interacting matter [10, 11, 12, 13, 17] . The extended particle momentum range at RHIC allowed the use of hard probes to study the behavior of the created medium that was difficult to access at lower collision energies. The hard penetrating probes now are one of the major experimental tools successfully exploited by RHIC and LHC Collaborations [10, 13, 18, 19] . It should also be pointed out that, recently, new physics results have emerged due to the availability of higher colliding beam energies at the LHC. For example, the studies of twoparticle azimuthal correlation functions in the highestmultiplicity p + p collisions at the LHC show an enhancement of particle pair production at relative azimuth ∆φ 0, producing a "ridge" structure at the near-side [20] . However, in peripheral p + Pb collisions, in which only a few nucleons take part and are nominally similar to p + p collisions, a ridge structure is observed on the away-side (∆φ π) [21] . The different results between p + p and peripheral p + Pb collisions are possibly caused by contributions from nuclear effects. In central p + Pb collisions, a double ridge structure is observed, which is consistent with Pb + Pb collisions [22, 23] . Another result in the LHC energy regime, Pb + Pb collisions at √ s N N = 2.76 TeV, is the nuclear modification factor R AA (p T ) of inclusive J/ψ production measured in the dielectron channel as a function of centrality [19] . These results are compared with the inclusive J/ψ R AA (p T ) measured at mid-rapidity by PHENIX in Au + Au collisions at √ s N N = 200 GeV [24] .
The inclusive J/ψ production in Pb + Pb collisions show less suppression compared to results at RHIC energies, and this behavior is in qualitative agreement with a regeneration scenario at LHC energies [25, 26] .
In this article, we highlight the RHIC results underlying the major experimental observations from the heavyion program, i.e., the identification of a new form of nuclear matter. This required the acquisition of novel and uniquely different measurements from those seen before in heavy-ion collisions at lower energies. To set the foundation, we have focused this review paper on measurements for different particle species as a function of: 1) system size, 2) collision centrality, and 3) energy, all carried out in RHIC experiments. As RHIC is currently still operational, some data presented here has not been available to authors of past review articles. As such the importance of this common set of observables, with a clear interpretation across the broad system size and beam energies, presented here may not have been emphasized. These findings are supported by major empirical observations and elucidated in the present work from both soft and hard probe sectors. For soft probes, measurements on the production of bulk particles and the initial conditions are presented, followed by particle ratios and chemical freeze-out conditions. These measurements are very important as they support the characterization of the system produced in such collisions and provide basic constraints to theoretical models. To complete the soft-sector discussion, we present measurements of collective flow that are related in- 
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−3 directly to the thermodynamical or hydrodynamical properties of the new form of nuclear matter, a nearly perfect fluid. This discussion is then followed by hard probe measurements: high-p T hadron suppression and dijet fragment azimuthal correlations which lead to the observation of the jet quenching in relativistic heavy-ion collisions viz., one of the most remarkable discoveries at RHIC. These measurements of hard probes afford experimental evidence of highly interacting dense matter created in central Au + Au collisions at √ s N N = 200 GeV. Interpretation of the modification of bound states of heavy quarks, charmonium and bottomonium, is heavily impacted by many competing effects in heavy ion collisions including large initial state nuclear effects not directly related to the formation of the quark-gluon plasma and a full understanding of these observables has not yet been formulated [27, 28, 29, 30] . This review of hard sector observables thus focuses on quenching observables which are more simply related to the properties of the quark-gluon plasma. Global properties of charged hadron production including the empirical evidence of QGP a nearly perfect fluid are presented in Section 2. Experimental observations of the creation of dense medium, and its opacity, based on high-p T hadron suppression, and dijet fragment azimuthal correlations are elucidated in details in Section 3.
Global properties of charged hadron production
The heavy-ion collisions at the highest RHIC energy, i.e. Au + Au at √ s N N = 200 GeV, heralded a new era of opportunities for studying hadronic matter under conditions of high energy density. The theory of strong interactions, QCD, can be used to compute processes perturbatively in the limit of short distances. At present, however, we cannot compute, from first principles, many interesting quantities at large distance. Therefore, it is important to characterize the collisions using global extrinsic observables. Measurements of charged hadron multiplicity and transverse energy distributions and collective flow in heavy-ion collisions afford us information on the initial energy density, initial collision geometry and the entropy production during the system's evolution. All are sensitive to a variety of physics processes responsible for multi-particle production. This knowledge is important for constraining model predictions and indispensable for understanding and estimating the accuracy of the more detailed measurements, for example, those of jets or quarkonia production. Figure 3 shows the measured transverse momentum, p T , distribution of charged hadrons produced in the 0-15% most central Au + Au collisions at √ s N N = 200 GeV [31] .
The distribution illustrates a "bulk" and "tail" respectively often associated to "soft" and "hard" parton-parton scattering. However, there is no clear separation between "soft" and "hard" processes. For this reason, we require an analysis undertaken as a function of centrality, transverse momentum, energy, and system sizes to better understand particle production. We note that most of the particles under investigation correspond to "thermal" pions (p T < 2 GeV/c) and, in general, such thermal hadrons make up about 95% of the observed particle multiplicity referred to as the bulk of hadron production. Their distribution in phase space of pseudorapidity (η) as a function of collision centrality and energy is presented in Subsection 2.1. These measurements led to the first insights into the overall reaction dynamics, and also set the stage for considering more rare signals, embedded in this thermal bulk production.
Charged particle density distributions and initial conditions
One important observable in heavy-ion interactions is the charged particle pseudorapidity density, dN ch /dη. The pseudorapidity, η, is defined as η = −ln[tan(θ/2)], where θ is the emission angle relative to the direction of the beam. This quantity (dN ch /dη) is proportional to the entropy density at freeze-out. Since the entropy density of a closed system will be non-decreasing [32] , the pseudorapidity density provides information on the partons' initial-state density and any further entropy produced during subsequent evolution [33] . In describing the collision of two nuclei, several variables are used to quantify the collision's centrality including, the number of participants nucleons (number of interacting nucleons), N part , and the number of binary collisions (number of nucleon-nucleon collisions), N coll . Both are given in terms of the impact parameter, b (see Figs. 4 and 12(a)), the distance between the centers of two colliding nuclei. A small value of b corresponds to more central collisions, whilst a large value to peripheral collisions. The impact parameter is not directly measurable but experiments at BNL (AGS, RHIC) and CERN (SPS, LHC) This figure is adapted from Ref. [36] .
showed that the relation between number of charged particles produced (and the energy of the produced particles in the transverse direction, E T ) and on average the number of nucleon participants, N part , is monotonic. Thus, since the dependence of N part on the impact parameter can be calculated with some precision for a given nuclear density distribution, we can get a handle on the collision's centrality. The Glauber model is a semi-classical model picturing nucleons with fixed transverse positions moving in the collision direction in a straight path [34, 35] . It provides a geometrical description of multiple nucleon collisions, and is used to relate the impact parameter to the number of participants and the number of N+N collisions, based on the assumption of constant inelastic cross section for each subsequent collision. Figure 4 shows the minimum-bias multiplicity (N ch ) distribution used for selecting collision centrality. The minimum-bias yield was cut into successive intervals, starting from the maximum value of N ch . The first 5% of the high N ch events correspond to the top 5% central collisions. The relationship of centrality and impact parameter with the number of participating nucleons was elaborated in Glauber-type Monte Carlo calculations employing the Wood-Saxon nuclear density distributions [36, 37] . GeV) [33, 38, 39, 40, 41] . The measurements present the 0-6% most central collisions at mid-rapidity region and N part is the average number of participant nucleon pairs, for Au + Au and Cu + Cu. The results (see Fig. 5 (a)) suggest that the particle density rises approximately logarithmically with energy. Comparing the findings for Au + Au and Cu + Cu indicates that, for the most central events in symmetric nucleus-nucleus collisions, the particle density per nucleon participant pair does not depend on the size of the two colliding nuclei but only on the energy of the collision [40, 41] . For comparison, the RHIC data is compared to those obtained at the CERN SPS for Pb + Pb collisions at √ s N N = 12.3 and 17.3 GeV [42, 43] . We observe that at maximum RHIC energy, [38, 33, 39, 40, 41] . is a 98% higher particle density per participant pair in near η = 0 than at the maximum SPS energy, 17.3 GeV. General arguments based on Bjorkens estimate [9] suggest that this increase should correspond to a similar increase in the maximal energy density achieved in the collision.
Based on the Au + Au data in Fig. 5 (a) obtained at RHIC energies, one can establish a power law fit to predict (extrapolate) the results of dN ch /dη at the mid-rapidity region (|η| < 1) to Pb + Pb central collisions at the LHC's energy 5.5 TeV. The power law fit to the RHIC data is shown as the solid curve in Fig. 5 (a) and 5(b). The corresponding of the power law fit function is:
The √ s N N is in GeV unit. We observe that the power law fit has a good agreement with the SPS and RHIC data, allowing one to extrapolate the scaled density per nucleon participant pair for 0-6% central Pb + Pb collisions at LHC energy, 5.5 TeV, in the mid-rapidity region (|η| < 1):
where the uncertainties are propagated from the power law fit parameters. Using a Glauber model calculation for the 0-6% most central Pb + Pb collisions at 5.5 TeV (the total inelastic cross section used in the Glauber model calculation is σ N N = 72 mb), a value of N part = 381 ± 11 is obtained, from which the unscaled charged particle pseudorapidity density, i.e. using the power law extrapolation, at mid-rapidity (|η| < 1) can be deduced:
The results from ALICE (A Large Ion Collider Experiment) at LHC [44] on charged particles density at midrapidity region and for 0-5% most central Pb + Pb collisions at √ s N N = 2.76 TeV corresponds to the following: RHIC to LHC are represented in Fig. 5(b) by the dashed curve. We observe that the IP-Sat model is in reasonably good agreement with the data [45] . In these theoretical calculations (IP-Sat model), dN ch /dη is estimated to be approximately 2/3 times the initial gluon density, dN g /dy. Further, this indicates that in IP-Sat model the saturation scale grows roughly as
3 if a fixed value of α s = 0.2 is assumed as in Ref. [45] . In the Color Glass Condensate (CGC) framework, the produced gluon multiplicity dN g /dy ∼ Q 2 S S ⊥ /α s is expected where Q 2 S is the minimum saturation scale of the two colliding nuclei, and S ⊥ is the overlap area [46, 47] . Figure 6 shows the measured dN ch /dη of primary charged particles over a broad range of pseudorapidity, |η| < 5.4, for Au + Au [38, 33, 39] and Cu + Cu [40, 41] collisions under a variety of collision centralities and RHIC energies.
The data from d + Au [48, 49, 50] and p + p [48, 51] at RHIC energies also are shown. Both the height and width of the dN ch /dη distributions increase as a function of energy as observed in the Au + Au and Cu + Cu collisions. The Au + Au, Cu + Cu, d + Au and p + p data at all energies were obtained with the same detector setup in the PHOBOS experiment at RHIC [52, 53] . This situation is optimal as common systematic errors cancel each other out in the ratio. With this configuration, we were able to examine comprehensively both particle production in Cu + Cu and the Au + Au collisions for the same N part , for the same fraction of total inelastic cross sections, and for the same geometry in both systems. distributions are normalized to N part . The goal from the measurements presented in Fig. 7 is to study the sensitivity of the full shape of the pseudorapidity distributions in Au + Au and Cu + Cu collisions when the overlap collision regions in both systems are selected: (1) for the same number of nucleon participants (N part ), and (2) for the same fraction (N part /2A), which should reflect the volume of overlap region as a fraction of the total nuclear volume where A is the mass number of the colliding nuclei. The first comparison is made for centrality bins chosen such that the average number of participants in both systems is the same , Fig 7(a)-(c) . This comparison reveals that, at 200 GeV, the height and the width of the dN ch /dη distributions in both systems agree within systematic errors, and that at 62.4 and 22.4 GeV, the distributions agree within systematic errors at mid-rapidity but not in the fragmentation regions (i.e., high |η|). The dN ch /dη distributions of Au + Au collisions at 19.6 and 62.4 GeV were interpolated linearly in ln( √ s NN ) to obtain the scaled Au + Au data at 22.4 GeV. We observed that the production of charged particles in the high |η| region is increased in Au + Au compared to that in Cu + Cu collisions. This increase may be attributed to the two excited nuclear remnants being bigger in the former collisions relative to the latter. This effect is most visible at the lowest energies where the broad η coverage gives access to |η| > y beam . The second comparison, One question is whether the mechanisms in the limiting fragmentation region (i.e. high |η|) are distinct from those at mid-rapidity region (|η| < 1). From the results in the Figs. 6 and 7 for the Au + Au, Cu + Cu, d + Au, and p + p collisions, there is no obvious evidence for two separate regions at any of the RHIC energies. However, to date no such anomalies have been noted at the energies of the AGS, SPS, RHIC, or LHC. So far, all results on charged particle pseudorapidity densities point to a rather smooth evolution in centrality, peseudorapidity, and √ s NN . It had been imagined, that a phase transition would manifest as a non-monotonic behavior in these observables; such sharp features are absent, but that alone does not rule out the presence of a phase transition [54] . It should be noted that mechanisms of charged particle production for dN ch /dη (Fig. 6 ) are mostly driven by "soft" processes ( Fig. 3) . Also note that pseudorapidity distributions correspond to inclusive measurements of charged hadrons. It would be interesting to have the same measurements for identified particles over a large coverage (i.e. |η| < 5.4) as the behavior of particles species in the two regions, mid-rapidity and fragmentation, may differ.
Particle yields and chemical freeze-out conditions
Chemical freeze-out is the stage in the evolution of the hadronic system at which inelastic collisions cease and the relative particle ratios become fixed. In a chemical analysis within the grand-canonical ensemble, the statisticalthermal model with conservation laws requires at least five parameters as input: volume V, the chemical freeze-out temperature T ch , baryon-, strangeness-and charge chemical potentials µ B , µ S and µ Q respectively. These parameters determine the particle composition in the hadronic final state. After chemical freeze-out, the particle composition inside the fireball is fixed, but elastic collisions keep the system interacting until the final, thermal (kinetic) freeze-out. At this stage the produced particle spectra are fixed (modulo weak decays) and carry information about the phase-space distribution in the final state of the fireball. Therefore, the transverse momentum spectra determine the parameters of the thermal freeze-out. Thereafter, statistical interpretation of particle production becomes an appropriate approach for evaluating heavy-ion collisions at high energies because of the large multiplicities of hadrons which are created. One can assume that the nuclear matter created in these collisions form an ideal gas that can be characterized by a grand-canonical ensemble. Using thermodynamic concepts to describe multi-particle production has a long history [55] . The concept of a temperature applies only to systems in at least local thermal equilibrium. The assumption of a locally thermalized source in chemical equilibrium can be tested by applying statistical thermal models to describe the ratios of various emitted particles. The BRAHMS collaboration has reported results on particle ratios as a function of rapidity [56] as shown in Fig. 8 which depicts the rapidity dependence of the ratios p/p, π − /π + and K − /K + produced in Au + Au collisions at the maximum RHIC energy, √ s N N = 200 GeV. The ratios were obtained by integrating over both p T and centrality. A strong rapidity dependence of thep/p ratio is evident, dropping from 0.75 ± 0.06 at the mid-rapidity region (y = 0) to 0.23 ± 0.03 at y 3. This is a large deviation from a boost invariant source where the ratios are constant; this indicates that as we move away from the low net-baryon central region, a baryon rich fragmentation region is reached. The π − /π + ratio is consistent with unity (flat) over the considered rapidity range, while the K − /K + ratio drops almost by 30% at y = 3 from its midrapidity value. Thep/p and K − /K + ratios are essentially constant in the rapidity interval y = [0, 1].
As mentioned above, the measured set of particle ratios (or yields) at mid-rapidity lends itself to an analysis in terms of a model based on assuming the system is in chemical and thermal equilibrium. Figure 9 presents a recent comparison of the RHIC's experimental results and statistical thermal model calculations of hadron yields produced in Au + Au collisions at √ s N N = 200 GeV [57] . The measurements were taken in the mid-rapidity region |η| < 1. They demonstrate quantitatively the high degree of equilibration achieved for hadron production in central Au+Au collisions at maximum RHIC energy. The numerical agreement between these calculations and the present measurements is excellent. The statistical thermal model reveals that the apparent species equilibrium was fixed at a temperature T ch = 162 MeV and µ B = 24 MeV. The ratios involving multi-strange baryons are well reproduced, as is the φ yield. Even the relatively wide resonances such as the K * 's fit well with the picture of a chemical freeze-out. The small value of the chemical potential, µ B , indicates a small net baryon density at mid-rapidity at the RHIC which was confirmed by measurements of net-baryon rapidity distribution in Au + Au at √ s N N = 200 GeV [58] . Figure 10 shows the STAR collaboration thermal model fit of temperature and baryon potential at chemical freezeout as a function of collision centrality (dN ch /dη) in collision systems Au + Au, Cu + Cu and p + p [59] . The chemical freeze-out temperature, T ch , is around 155 MeV and seemingly shows no dependence on the centrality and also no sensitivity to the colliding systems, yielding the same results for Au + Au and Cu + Cu data. The baryon chemical potential, µ B , also showed no difference between the fits to Au + Au and Cu + Cu data. To study the validity of the statistical thermal fit considering a Grand Canonical formulation, the same fit was applied to the p + p data. The chemical freeze-out temperature that results from this fit is slightly lower, T ch 150 MeV [59] .
This equilibrium population of species occurs both in elementary and nuclear collisions [60, 61] . It was shown in
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Multiplicity from Thermal Model Fig. 11 . Experimental hadron yields and statistical thermal model comparison for different particle species produced in LEP e + e − annihilation at √ s = 91.2 GeV. This figure is adapted from Ref. [62] .
− annihilation data at √ s = 91.2 GeV LEP energy, shown in the Fig. 11 , are reproduced by the statistical hadronization model in its canonical form [62, 63] and the derived temperature was T ch = 165 MeV, in agreement with the limiting temperature predicted by Hagedorn [55] to occur in any multi-hadronic equilibrium system once the energy density approaches 0.6 GeV/fm 3 . Thus, the upper limit of hadronic equilibrium density corresponds closely to the upper limit of energy density, crit = 0.18 to 0.5 GeV/fm 3 of partonic equilibrium matter, according to lattice QCD [7, 64] . This universal value of T ch = 150 to 170 MeV is remarkably close to the critical temperature for the quark-hadron transition from Lattice QCD and it appears to be the universal hadronization temperature for e + e − , p + p and heavy-ion collisions at high energy [62, 65] . To what extent this hints at the thermal behavior in e + e − and p + p collisions is an important question, which is still under debate in our field. More recent data in d + Au and p + Pb as well in p + p at RHIC and LHC energies provide new insight into the study of thermalization behavior in smaller systems compared to Au + Au and Pb + Pb.
QGP a nearly perfect fluid
The establishment of a new form of nuclear matter demands the observation of new collective properties distinct from previous measurements. The flow pattern of the thousands of particles produced in heavy-ion collisions is a key observable being adapted to search for new collective aspects [8, 66, 67, 68, 69] . The properties of collective flow examine two of the conditions required for satisfying the validity of the QGP hypothesis. The first is the degree of thermalization. Until now, no results are available from Lattice QCD regarding the non-equilibrium dynamics of a QGP. Nonetheless, the evolution of bulk matter from some initial conditions could be calculated through the equations of viscous relativistic hydrodynamics provided that local equilibrium is preserved. These equations can be approximated further by perfect fluid equations when the corrections due to viscosity could be neglected. This is conceivable when the scattering mean free paths are small compared to the scale of the spatial gradients of the fluid. The second condition is the validity of the numerically determined equation of state, i.e. the relationship between energy density and pressure. Under a specific initial boundary condition, the future evolvement of the matter then can be predicted [17] . To a good approximation, the data on elliptic flow confirms the idea that local thermal equilibrium is reached at RHIC energy and that the flow pattern is completely in agreement with numerical determinations of the equation of state from QCD.
However, collisions of two nuclei at relativistic energies create a partonic medium at extreme temperatures and densities, which will cool down by expansion and undergo a phase transition from a QGP back to hadronic matter. Studying collective behavior (like measurements of anisotropic particle flow) of strongly interacting matter in such conditions recently became one of the most active and fascinating topics in physics. The measurements of anisotropic particle flow and jet quenching at RHIC revealed a deconfined state of matter at high temperature and partonic density, that is characterized best as a near perfect fluid, i.e. a collective state with an extremely low ratio of shear viscosity to entropy density [10, 11, 12, 13] .
Anisotropic particle flow
The measurements of anisotropic particle flow, being connected to the collective behavior of the system, is an important observable in relativistic heavy-ion collisions as it signals the presence of multiple interactions between the constituents of the created matter. It was studied extensively in nucleus-nucleus collisions at the SPS and RHIC as a function of pseudorapidity, centrality, transverse momentum and energy [10, 11, 12, 13, 70, 71, 72, 73] . The collective behavior of the constituents of created matter is explored by measuring the particles' azimuthal angular distributions with respect to the reaction plane. The direction of the reaction plane is defined by the impact parameter, b, of the colliding nuclei and the beam's direction, Fig. 12(a) . In non-central collisions of heavy-ions at high energy, the configuration space anisotropy is converted into momentum space anisotropy, Figs.12(b)-(c) . The method used to measure the particle flow is based upon the scheme described by Poskanzer and Voloshin [74] and, considering that nuclei have some density fluctuations [75, 76] , the strength of the n th flow parameter is given by the n th Fourier coefficient of the particle azimuthal angle distribution described by the following equation:
here φ is the azimuthal angle of each hadron. ψ n is the n th event plane, which varies due to event-by-event fluctuations [75, 76] . φ and ψ n are determined in the same reference frame (i.e. detector frame). The second Fourier expansion (quadrupole component), v 2 , usually is defined as the strength of the elliptic flow.
The characterization of the collective flow of produced particles by their azimuthal anisotropy has proven to be one of the more fruitful probes of the dynamics in Au + Au collisions at RHIC. Elliptic flow, which is related to the initial spatial shape of the produced matter, has been of particular interest, as it can provide much information about the degree of thermalization of the hot, dense medium. Therefore, it is beneficial to study flow in multiple systems and compare. Specifically, Cu + Cu collisions are interesting as the copper nucleus is one-third of the size of gold. Exactly how flow scales between collision systems (e.g. a simple scaling with the system's size or geometry, the number of valence quarks, or transverse momentum) is crucial to understand the properties of the produced matter. The dependence of elliptic flow on the geometry, like Au + Au to Cu + Cu of the collision is of particular importance, as flow is thought to depend heavily on the initial spatial anisotropy. Additionally, any fluctuations would be expected to have more of an effect in a smaller system. The unique large pseudorapidity coverage of the PHOBOS detector (|η| ≤ 5.4) made it ideally suited for probing the longitudinal structure of the collision, the dynamics of which have begun to be understood away from mid-rapidity [77] . Figure 13 shows the elliptic flow, v 2 , signal as a function of pseudorapidity, η, in Au + Au collisions at 
on beam energy at GSI (EOS, FOPI experiments at CERN), AGS (E95 and E877 experiments at BNL), SPS (CERES and NA49 experiments at CERN), RHIC (PHENIX, PHOBOS
and STAR experiments at BNL), and LHC (ALICE experiment at CERN) [79, 80, 81, 82, 83] . We observe that at low fixed target energies ( √ s NN ∼ 3 GeV), particle production is enhanced in the direction orthogonal to the reaction plane, and v 2 is negative. This is due to the effect that the spectator parts of the nuclei block the matter in the direction of the reaction plane. At higher center-of-mass energies, these spectator components move away sufficiently quickly, and therefore particle production is enhanced in the reaction plane, leading v 2 to be significantly different from zero. This phenomenon is expected in hydrodynamic scenarios in which the large pressure gradients within the reaction plane drive a stronger expansion. However, the important observation is that, up to the highest center of mass energies at RHIC, the observed asymmetry v 2 continues to grow. The ALICE measurement at 2.76 TeV shows that the integrated elliptic flow increases by about 30% compared to flow measured at the highest RHIC energy of 200 GeV. This result indicates that the hot and dense matter created in these collisions at the LHC energy (2.76 TeV) still behaves similar to matter created at RHIC [82, 83] . [84] . In the lower p T region, p T ≤ 2 GeV/c, the value of v 2 is inversely related to the mass of the hadron, that is, characteristic of hydrodynamic collective motion in operation, Fig. 16(a)-(c) . At the intermediate p T region, the dependence is different. Instead of a mass dependence, there seems to be a hadron type dependence. We observed a splitting between baryon and meson v 2 at intermediate p T for centrality 0-30%. However, for 30-80% centrality, no such distinct grouping was evident among the baryons and among the mesons. An interesting result is that the multi-strange hadrons exhibit a smaller v 2 than other identified hadrons, i.e. the φ meson, whose mass is close to that of p and Λ, shows v 2 (φ) < v 2 (p). It is known that the φ meson does not participate as strongly as others do in hadronic interactions, nor can φ mesons be formed via the coalescence-like K + + K − process in high energy collisions [85] . Hence, the strong v 2 (φ) we recorded must have developed before hadronization. This result offers evidence for partonic collectivity [86] , which could also explain the reduce v 2 (φ) in peripheral, as seen in Fig. 16(c) .
To include the effect of the collective motion, usually the transverse momentum of the particle, p T , is transferred to the transverse kinetic energy KE T ≡ m T − m 0 = p 2 T + m 2 0 − m 0 , where m 0 is the particle's mass [84] . The measured v 2 was scaled by the number of valence quarks (NVQ) in a given hadron. For mesons and baryons, respectively, they are n vq = 2 and 3. The KE T also was scaled with the same n vq . The results are shown in Fig. 16(d) -(f). The STAR collaboration observed for the first time the NVQ scaling in Au + Au at √ s N N = 200 GeV for 0-80% collision centrality, it was considered as a good signature of partonic collectivity [87, 88] . It is interesting to investigate the NVQ scaling for different centralities that could help us to understand partonic collectivity for different sized systems. Figure 16 2 , as a function of p T measured in Au + Au at 200 GeV at RHIC to IP-Glasma model using constant shear viscosity to entropy density ratio, η/s ≈ 0.12. This figure is adapted from Ref. [91] .
the φ-meson deviates by about 10% from the fit line for the range KE T /n vq > 0.6 GeV/c. This could be interpreted as due to the small contribution from the partonic phase to collectivity. It should be noted that current LHC data, Pb + Pb collisions at √ s N N = 2.76 TeV, exhibit deviations from the observed number of valence quark scaling at the level of about ± 20% for p T > 3 GeV/c [89] . Measuring the event's anisotropy components, v n , is a powerful probe for investigating the characteristics of the created medium at RHIC. The results of the anisotropy of these higher-order events constrain the initial geometrical eccentricity and viscosity that are used in hydrodynamical models. The v n of inclusive charged hadrons, where n = 2, 3, 4 and 5 are measured by RHIC experiments as a function of p T in various centralities for Au + Au collisions at √ s N N = 200 GeV [90] , are shown in Figs. 17 and 18. All v n exhibit an increasing trend as a function of p T and v 2 is the dominant component. The third harmonic, or v 3 , for which the main source is believed to be from fluctuation [75] , shows an interesting behavior. Unlike v 2 , the v 3 as a function of p T is somewhat independent from collision centrality, which means the source of v 3 probably is not strongly influenced by the initial collision geometry. Also measurements of event-by-event v 3 provide additional constraints on theoretical models.
A good candidate for providing initial conditions for systematic flow studies is the Impact Parameter dependent Glasma (IP-Glasma) model described in detail in Refs. [91, 92, 93, 94] and shown in Fig.18 as curves. It combines the IP-Sat (impact parameter saturation) model of high energy nucleon (and nuclear) wave functions with the classical SU(3) Yang-Mills dynamics of the Glasma fields produced in a heavy-ion collision. To describe the flow measurements, the IP-Glasma model of the classical early time evolution of boost-invariant configurations of gluon fields was coupled to a viscous hydrodynamic model to describe the system's evolution [91] . Based on this comparison presented in Fig. 18 , the data are well described by the IP-Glasma model given the systematic uncertainties in both the experimental and theoretical calculations [91] . The fact that the IP-Glasma model coupled with a viscous hydrodynamic model, which assumes the formation of a QGP, reproduces the experimental data implies that the fluctuations in the initial state are important and the created medium behaves as a nearly perfect liquid of nuclear matter because it has an extraordinarily low ratio of shear viscosity to entropy density, η/s ≈ 0.12, see Fig.18 . It even appears to be the most perfect fluid observed in nature so far, having a specific viscosity (viscosity to entropy density ratio) at least an order of magnitude smaller than that of any previously observed liquid.
3 Experimental evidence of created dense matter 3.1 High-p T hadron suppression: jet-quenching At high momentum, the perfect fluid collectivity is expected to breakdown, and in these models viscous corrections become large [95, 96] . In Figs. 16, 17 and 18 , instead of continuing to rise with p T , the elliptic asymmetry stops growing at p T > 2 GeV/c, and the difference between baryon versus meson, v 2 became distinct as in Fig. 16(b) . In a coalescence picture, the quarks contributing to baryons are at lower momentum and so more strongly coupled compared to these for meson [97] . Furthermore, the PHENIX collaboration reported an important result at RHIC is that the non-equilibrium powerlaw high-p T particle distributions persist, but are strongly quenched [98, 99] . Figure 19 compares the π 0 invariant differential cross sections obtained from minimum-bias p + p collisions at 200 GeV to Au + Au collisions at the same energy and for two collision centralities: (a) 0-10%, and, (b) 80-92% [98, 99] . For comparison, the p + p data are scaled by N coll , corresponding to the centrality in Au + Au collisions. The scaled p + p data are well parameterized by a power-law form A(1 p T /p 0 ) −n , with parameters of A = 393 mb GeV −1 c 3 , p 0 = 1.2112 GeV/c, and n = 9.97 as in [98, 99] . We also observe that the scaled p + p data are well reproduced by the NLO pQCD calculations [98, 99] . Figure 19(a) shows clearly that the π 0 invariant yield from central (0-10%) Au + Au collisions as a function of p T are suppressed compared to the π 0 invariant yield from p + p collisions at the same p T . This is clear experimental evidence of the quenching phenomena of π 0 in central Au + Au collisions at maximum RHIC energy, √ s N N = 200 GeV. In contrast, for the Au + Au peripheral collisions (80-92%) shown in Fig. 19(b) , the production rate of π 0 particles agrees well with π 0 particles production in p + p collisions and in the pQCD theoretical predictions.
We quantify the medium effects on high p T production in nucleus-nucleus collisions, A + A, with the nuclear [98, 99] . modification factor which is defined as follows:
This factor reflects the deviation of measured distributions of nucleus-nucleus, A + A, transverse momentum, at given impact parameter b, from measured distributions of an incoherent superposition of nucleon-nucleon (p + p) transverse momentum (R AA = 1). This normalization often is known as "binary collisions scaling". In the absence of any modifications due to the 'embedding' of elementary . The evolution of the nuclear modification factor with center-of-mass energy, from the SPS [100] to RHIC [38, 103, 104, 105, 106, 107, 108] and then to the LHC [109] . The error bars correspond to the statistical errors. For clarity, the systematic errors are shown as vertical bands.
collisions in a nuclear collision, we expect R AA = 1 at highp T . At low p T , where particle production follows a scaling with the number of participants, the above definition of R AA leads to R AA < 1 for p T < 2 GeV/c. At maximum SPS energy (Pb + Pb √ s N N = 17.3 GeV), the WA98 data for R AA (p T ) presents an enhancement of moderately high-p T tails in central Pb + Pb collisions [100] . This enhancement was anticipated as a result of the Cronin effect [101] . Another experimental observation in heavy-ion collisions (from AGS to RHIC energies) is that hadron production at mid-rapidity (|y| < 1.5) rises logarithmically with increasing collision energy. At RHIC, the central zone is approximately net-baryon-free [102] . Particle production is large and dominated by pair production, and the energy density seems to exceed significantly that required for QGP formation [10, 11, 12, 13] . The evolution of the nuclear modification factor with center-of-mass energy, from the SPS [100] to RHIC [38, 103, 104, 105, 106, 107, 108] and then to the LHC [109] , is presented in Fig. 20 . We observe that in the presented p T region, charged hadron production at the LHC is found to be about 50% more suppressed than at RHIC, and has a similar suppression value as for neutral pions (π 0 ) measured by PHENIX. These measurements of R AA (p T ) at RHIC and LHC is consistent with a large energy loss in the medium causing it to become opaque to the propagation of high momentum partons. In contrast, R AA (p T ) for π 0 at SPS energy, as shown Fig. 20 , exhibit enhancement similar to the d + Au at RHIC. RHIC experiments, as shown Fig. 20 , revealed the suppression of the high-p T hadron spectra at the mid-rapidity region in central Au + Au collisions compared to the scaled momentum spectra from p + p collisions at the same energy, √ s N N = 200 GeV. This effect, proposed by Bjorken, Gyulassy, and others [110, 111] rests on the expectation of a large energy loss of high momentum partons scattered in the initial stages of collisions in a medium with a high density of free color charges. According to the QCD theory, colored objects will lose energy via bremsstrahlung radiation of gluons [112] . Such a mechanism strongly would degrade the energy of leading partons, as reflected in the reduced transverse momentum of leading particles in the jets emerging after their fragmentation into hadrons. This energy loss is expected to depend strongly on the color charge density of the created system, and the path length traversed by the propagating parton. It has been recognized that the elastic energy loss is too small to engender significant attenuation of the jet in the created medium [113] . The STAR experiment at RHIC established that the topology of high-p T hadron's emission is consistent with jet emission, so that jet-suppression is a valid concept and is elaborated in the next section.
In Fig. 21(a) . At p T ∼ 4 GeV/c, we find a ratio R dAu /R AA ≈ 5. Indeed, the R dA distribution shows the Cronin type enhancement observed at lower energies as in Pb + Pb collisions at 17.3 GeV/c [17, 100] as shown in Fig. 20 . GeV. The R AA for direct photons are not suppressed as they do not interact strongly with the medium. The R AA for both π 0 , π ± and η's mesons exhibit the same suppression relative to the point-like scaled p + p data by a factor of ∼ 5 that appears to be constant for p T > 4 GeV/c while the η mass is much larger than that of π 0 (and π ± ). These observations of high-p T hadron suppression, combined with the collectivity results from Fig. 16 , suggest that the QCD medium created at RHIC is both partonic and opaque. Adding to this discovery of suppression of particles at high transverse momentum, two very striking results were seen for open heavy flavor from the PHENIX experiment via the measurement of electrons from the semi-leptonic decays of hadrons carrying charm or bottom quarks [103, 104, 105, 106] . First, heavy mesons, despite their large mass, exhibit a suppression at high transverse momentum compared to that expected from p + p collisions [104, 115, 116] . This suppression is similar to that of light mesons, which implies a substantial energy loss of fast heavy quarks while traversing the medium, see Fig. 22(a) . Second, an elliptic flow is observed for heavy mesons, electrons from semi-leptonic decays of hadrons carrying charm or bottom quarks, that is comparable to that of light mesons like pions, Fig. 22(b) . This implies that the heavy quarks in fact are sensitive to the pressure gradients driving hydrodynamic flow giving new insights into the strongly coupled nature of the QGP fluid at these temperatures.
These data on heavy mesons R AA were described by theoretical calculations of the parton energy loss in the matter created in Au+Au collisions as shown in the Fig. 22 [108, 117, 118] . From these theoretical frameworks, we learned that the gluon density dN g /dy must be approximately 1000, and the energy density of the matter created in the most central collisions must be approximately 15 GeV/fm 3 to account for the large suppression observed in the data [119, 120] .
Dijet fragment azimuthal correlations: opaque medium
Hard-scattering processes were established at high-p T in elementary collisions at high energy through the measurement of jets [121, 122, 123] , back-to-back jets (dijets) [124] , high-p T single particles, and back-to-back correlations between high-p T hadrons [125] . Jets were shown to carry the momentum of the parent parton [126] . The jet's cross sections and high-p T single particle spectra are well described over a broad range of energies in terms of the hadrons parton distributions, hard parton scattering treated by pQCD, and subsequent fragmentation of the parton [127, 128, 129] . In the absence of the effects of the nuclear medium, the rate of hard processes should scale linearly with the number of binary nucleon-nucleon collisions.
Results from RHIC, described above, show a suppression of the single particle's inclusive spectra of hadrons for p T > 2 GeV/c in central Au + Au collisions, indicating substantial in-medium interactions [130, 131] . The study of high transverse momentum hadron production in heavyion collisions at RHIC provides the opportunity to probe in more detail the evolution of the matter produced and experimentally probe the QCD matter in the most dense stage of the collisions, wherein quark-gluon deconfinement is likely to occur [132] . Measurements of two-hadron angular correlations, as seen in Fig. 23 , at large transverse momentum for p + p and Au + Au as well as d + Au collisions at the same energy, √ s N N = 200 GeV, provide evidence for the production of jets in high-energy nucleusnucleus collisions and allow first measurements, inaccessible in inclusive spectra, of the fate of back-to-back jets in the dense medium, thereby serving as a tomography probe of the medium. The STAR collaboration established the first measurements of two-particle azimuthal distribution D(∆φ), defined as
at the mid-rapidity region |η| < 0.7. N trigger is the number of particles defined in specific p T range, referred to as trigger particles. is the tracking efficiency of the associated particles [133, 134, 135] . Figure 23 shows the discovery of mono-jet production [136] in central Au + Au collisions at the maximum RHIC energy. The pedestal-subtracted azimuthal distributions for high-p T pairs in p + p and central d + Au collisions show clear di-jet features. The azimuthal distributions are shown also for central Au + Au collisions after subtracting the elliptic flow and pedestal contributions [133] . The measurements were obtained with a trigger particle p The results illustrated in Fig. 23(a) demonstrate that the trigger-side correlation peak (at ∆φ = 0) in central Au + Au collisions apparently is the same as that measured in p + p and d + Au collisions but the away-side jet correlation (at ∆φ = π) in Au + Au has vanished. This observation is consistent with a large energy loss in the medium causing it to become opaque to the propagation of high momentum partons. However, it is noticeable in Fig. 23(b) , which has a wide p a T , 0.15 < p a T < 4 GeV/c, that the jets on the away side have not disappeared, but simply lost energy so that the away-side correlation peak has become much wider than that of the p + p collisions. These collective measurements, from p + p, d + Au and Au + Au of two-particle correlations, point to the creation of a dense medium in central Au + Au collisions at √ s N N = 200 GeV.
The main goal was to measure the dijet fragment azimuthal correlations in d + Au collisions at similar energy as in Au + Au collisions, so as to check the interpretation of high-p T suppression in Au + Au at √ s N N = 200
GeV; quenching was due to initial state saturation (shadowing) of the gluon distributions and/or to jet quenching at the final state. One method to asset the QGP [38, 134, 135] .
final state interactions was by substituting a deuterium beam for one of the two heavy nuclei of Au + Au and it has been predicted that such a control test would be essential to set apart the unknown nuclear gluon shadowing contribution to the A+A quench pattern [137] . Furthermore, d + Au was proposed to test the predictions of the possible initial state Cronin multiple interactions [114, 138, 139, 140] . In contrast, one model of the Color Glass Condensate anticipated a substantial suppression in d + Au collisions at √ s N N = 200 GeV [141] . The RHIC results [142, 143, 144, 145] definitively rule out a large initial shadowing as the cause of the quenching in Au + Au (shown in Figs. 20 and 21 ). The return of back-to-back jet correlation in d + Au to the level observed in p + p is illustrated in Fig. 23(a) . The results turn out consis-tent with jet quenching as a final state effect in Au + Au. These d + Au results hold the conclusion that the observed jet quenching in Au + Au is due to the partons' energy loss [118] . Jet quenching theoretical analyses support the estimates of energy density determined from measuring charged particle multiplicity by RHIC experiments. They estimated large energy losses for jets propagating through the medium, and enhance the case for multiple strong interactions of the QGP constituents of the medium created at RHIC [146] .
Conclusions
Quantum chromodynamics, QCD, is the base of the Standard Model, providing a fundamental description of hadron physics in terms of quark and gluon degrees of freedom. The theory has been checked broadly, particularly in inclusive and exclusive processes including collisions at large momentum transfer where factorization theorems and the smallness of the QCD effective coupling concede perturbative predictions [147] . QCD is a very rich and complex theory, prominent to many new physical phenomena. Ultrarelativistic heavy-ion collisions offer the unique ability to investigate hot and dense QCD matter under laboratory conditions. However, due to the fundamental confining properties of the physical QCD vacuum, the deconfined quanta (i.e. the quarks and gluons) are not directly observable. What is observable are hadronic and leptonic residues of this transient deconfined state. Collisions of protons or heavy-ions, which are accelerated to nearly the speed of light, are an excellent system to study these interactions in more detail. In contrast to proton-proton collisions, where only a small number of particles are created, the particle production in heavy-ion collisions is so enormous that a QCD medium with collective behavior and unique properties is produced. It consists of quarks and gluons and is, therefore, called the quark gluon plasma, QGP. Relativistic heavy-ion collisions are carried out, for instance, at the LHC at CERN and RHIC at BNL, where experimental evidence was found that in those collisions a new state of nuclear matter indeed is produced.
In this review article, we have focused on measurements as a function of system sizes, collision centrality and energy carried out in RHIC experiments. We have presented experimental measurements on the production of bulk particles, the initial conditions of the collisions, the particle ratios and the chemical freeze-out conditions for different particle species, as well as the flow anisotropy of particles, high-p t hadron suppression, dijet fragment azimuthal correlations, and heavy flavors probes. We compared these experimental measurements to theoretical model calculations. The measurements suggest that RHIC discovered a new state of matter in central Au + Au collisions at √ s N N = 200 GeV. This new form of matter is hot, dense, and strongly interacting, and is consistent with the hot, dense state as predicted from QCD. Precision measurements already are providing detailed information on its initial conditions and transport properties. Whilst this material, and its discovery, is far from being fully understood, the focus of the RHIC experiments, for instance, is on a detailed exploration of the properties of this new state of nuclear matter, QGP, by upgrading the detectors and beam luminosities. In 2010, the LHC entered the field of relativistic heavyion physics with a very impressive performance. With a wealth of results within a few months after the first collisions, the LHC heavy-ion program has benefited from many years of preparation, a very strong and complementary set of detectors, and a decade of experience and progress made at RHIC. The number of new observations into the properties of QCD matter under extreme conditions continues to rise. The conclusion established at RHIC, that a hot, dense medium that flows with a viscosity-to-entropy density ratio close to the conjectured lower bound and quenches the energy of hard probes was confirmed at the LHC. However, one cannot avoid pointing out that recent experimental results from LHC and RHIC provide new insight into the role of initial and final state effects both in p + Pb and d + Au collisions. The latter have proven to be interesting and more surprising than original anticipated; and could conceivably shed new light in our understanding of collective behavior in heavyion physics. Therefore, the experiments at RHIC and the LHC are probing complementary kinematic regions and main goal of the present project is to attain, at both colliders, an understanding of the properties of the matter created, QGP, that is believed to be the primordial matter present in the Early Universe
